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EXECUTIVE SUMMARY

The Federal Aviation Administration contracted with the firm
of E. A. Hickok and Associates to perform the National Runway
Friction Measurement Program as described in Contract No.
DOT-FA78WA-4242 dated September 29, 1978. The program included
runway friction measurements and evaluation of pavement surface
conditions on 491 runways at 268 airports that have at least one
ILS runway serving scheduled turbo-jet operations throughout the
48 contiguous United States. The data were used to develop
guidance materials to help insure the design and maintenance of
nonslippery surfaces at United States airports.

The program consisted of two phases. The specific purposes
of Phase I were to develop survey procedures and evaluate the
performance of t..- specified equipment. The results of Phase I
are contained in the National Runway Friction Measurement Program
Phase I Summary Report, dated June 26, 1979.

The primary purpose of the data gathering process was the
collection of pavement surface friction measurements. Friction
measurements were performed with Mu-Meters equipped with
self-watering systems. The Mu-Meter evaluates the side-force
friction between measuring tires and pavement surface.
Measurements were made with a controlled water depth of 1.0
millimeter (0.04 inches) at 40 miles per hour. The friction is
tpported as wet Mu value, which has a theoretical range from
) to 100. Other field procedures included a pavement condition
3urvey and an engineering data inventory for each runway. Six
survey teams accomplished the data collection.

Quality control was essential to the data collection process.
Each survey team evaluated the collected data in the field. Data
anomalies were investigated and retesting was performed if
necessary. Portable computer terminals were used for field data
entry so that survey results were immediately available to the
contractor's home office and the FAA project office. Accuracy of
data transfer was constantly evaluated at the home office. Senior
personnel performed field quality control to assure consistency in
data collection procedures.

After each testing, a brief Airport Survey Renort vas produced
to provide rapid feedback to airport management. At the
conclusion of all field work, an engineering evaluation was
performed on the data as a whole using statistical and analytical
techniques.

The data analysis required a computerized data base and was
p2rformed with a nationally vended computerized statistical
package. The primary methods employed were multiple regression
and correlation. Residual analysis was employed in reviewing the
outcome of regression runs and led to identification of unique
circumstances, thereby allowing verification of the data prior to
drawing general conclusions.
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For the engineering evaluation, surface friction and other
pavement surface conditions were averaged over 500-foot long
runway segments. Including all runways and test dates, the data
base contained over 42,000 such segments. Statistical analysis
was confined to some 29,000 uniform segments. Of the 491 runways
tested, 122 (24.8%) had wet Mu values less than 50 on at least one
500-foot segment on their final test. However, only 1900 (4.5%)
of the 42,000 segments had wet Mu values less than 50. Of the 122
runways with low segments, 64 runways (52.5%) had wet Mu values
less than 50 for less than 1000 feet.

Other data analyzed included some 5,630 spot measurements of
texture depth and data obtained from airport management on runway
usage, construction and rubber removal. Runway friction was
evaluated in relation to pavement type, texture depth, grooving,
rubber accumulation, aircraft landings and rubber removal.

The primary conclusions reached by the engineering evaluation
are listed below:

1. Rubber accumulation on runway pavements profoundly
affects surface friction. These effects have been quantified for
various pavement types and range from 1.6 to 6.9 wet Mu value
decrease per unit increase in rubber accumulation rating.

2. Rubber removal improves runway surface friction
characteristics.

3. Saw-cut grooving improves runway surface friction. The
friction enhancement due to grooving is greater in areas of rubber
accumulation than in uncontaminated areas for most pavement types.

4. For low-use runways, a reasonable basis for comparing and
ranking the surface friction characteristics of various pavement
types is provided by mean wet Mu values for uncontaminated areas.
(See Table 4 and Figure 9, pp. 17 and 18.)

5. For high-use runways, guidelines have been developed for
rubber removal frequency dependent on pavement type and annual
landings. (See Figure 19, p. 38.) These guidelines can be used
in projecting and comparing annual costs of runway construction,
resurfacing or pavement treatment alternatives, as well as in
guiding maintenance of existing runways.

6. The Airport Survey Reports produced for each of the 268
airports after each testing provided timely input for airport
maintenance purposes.

7. The purpose and objectives of the National Runway
Friction Measurement Program were achieved. Mu-Meter measurements
and Pavement Condition Survey data obtained in this program have
yielded a rational and useful analysis of runway friction.

8. The Mu-Meter is a rapid and effective device for

measuring surface friction when operated in accordance with the
manufacturer's instructions.
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9. A Mu value of 50 or greater has long been generally
accepted as providing adequate runway friction under most
operating conditions. This program did not disclose data to
support any other value. It must be understood that as friction
decreases the relative safety decreases, but it is gradual and
time-related, that is, when the Mu value decreases from 50 to 49
the pavement does not go from totally adequate to totally
inadequate.

The following are selected recommendations resulting from the
program:

1. Pavement types having high surface friction, as identified
4n Fiqure 9, should be considered in the planning and design of
rpw -unway surfaces, particularly for low-use runways.

2. The guidelines for rubber removal frequency, as contained
in Figure 19, should be used in planning and design of new runway
surfaces and as a maintenance guideline, for high-use runways.
Specific scheduling of rubber removal for an existing runway
should ultimately be based on direct observation of rubber
accumulation and measurement of surface friction.

3. The rating system used in this program for rubber
accumulation should be formalized and promulgated for use by
airport maintenance personnel.

Additional conclusions and recommendations may be found on
pages 49-52.

The draft final report was reviewed by representatives of
various segments of the aviation community. The comments from
this group were incorporated to the extent possible. As might be
expected, due to the diverse interest of this group, there was not
unanimity on all matters on which comments were received.
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I. INTRODUCTION

.L.OBJECTIVES

'Ine Federa -; Aviation Administration. contracted witt. tn c f i rr
.A.Hicko. ano Associates to pertiorm the National Punway

Frictio. Measurement Programt as describecd in Contract N(,.
DOT-FA78WA-4242 dated September 29, 197"n.

The puroose of the procran was to provide a data base an-. sta-
istica, analysis to assis'_ the- 1-edera- Aviation Admiriistratior. i!.

evaiuatinQ tne engineerine criteria in Advisory Czrculi
150 -_3C-l.', and to develop furtner guidance- mate-, a., tc. in r,_
the Jesign and maintenance of non-slippery pavement surfacesL_

n;rit- States airports. The specif ic ob-ectives of the proarai;
were to:

Update, expand and disseminate improved guidance mat-rias
,ontained in Advisory Circular 150/5320-K o, runway; L.r:ctior a.,(-
related airport safety items.

-. Provide airport managers with timely mnu for fisca
prociramrs .

3. increase effectiveness of the Airport Deveioprent Ajd
Program. (ADAP) by ident ifying the airport pavement construction
methods most: effective in providing good friction characteristics.

4.Enhance safety oy reducing hydroplanirc anic improvinq rir--
way Lriction characteristics by deve-lopment o:.- recommenclatior,: :u,
_ruro ,eu mla inteniance and maintenance monitorinq practice-;.

The o)roaramt consisted4 of twc phases. The soecific o)urposeF o:
Pnasce 1 were to develop survey proceoures ano, caiuate,, theuer~-
mance of thie specified equipment. Trie results of Pniase .-arci con-
taiLne-- in. thec National Runwav Friction Measurement Prograir, PnaE-
S umrma ryReport, dated June 26, 1979.

12 SCOPE OF WORK

Tn'> project included runway friction measurements an,--) eva-
iuatior of pavement surface conditions or 491 runways at 268 air-
ports that have at least one ILS runway serving scheduled turbo)-set
coerations throughout the 48 contiguous United States. Tab-iC
lists the _ numoer of airports,, runways and surveys in total and b-'



TABLE 1. SCOPE OF WORK

Region Airports Runways Surveys

Central 19 39 118

Eastern 32 62 180

Great Lakes 49 104 298

New England 10 18 48

Northwestern 15 22 61

Rocky Mountain 28 45 118

Southern 56 95 297

Southwestern 33 65 185

Western 26 41 113

Total 268 491 1,418

This report reviews the program and provides conclusions and
makes recommendations based upon statistical analyses of the data
and accumulated field experience.
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2. DISCUSSION

2.1 SCHEDULE AND TRAINING

2.1.1 Schedule

The date and location for each survey conducted throughout the
program are listed in Appendix A. Most airports were surveyed
three times, with consecutive surveys at least 60 days apart. The
voluntary participation of each airport made it possible to
collect an extensive data base.

2.1.2 Team Member Rotation

The planned work cycle consisted of 21 consecutive work days
followed by 9 consecutive days off. Normally, one team member
returned to the same truck while the other rotated to a different
truck and equipment at the beginning of each 21-day tour. Rotation
was useful for keeping survey procedures consistent throughout
the program.

2.1.3 Training

On May 7-11, 1979, a comprehensive classroom and field
training course was conducted at Dulles International Airport in
Washington, D.C. Engineers, scientists and engineering
technicians were trained in Mu-Meter operation and maintenance,
and pavement evaluation parameters. Subsequent training meetings
were held bimonthly to provide continuing instruction and quality
control. On-the-job training was also provided by qualified,
trained team members and visiting quality control personnel.

2.2 EQUIPMENT

2.2.1 Tow Vehicles

Supercab pick-up trucks were used as tow vehicles. The
vehicles were equipped with a 60 amp alternator, heavy duty bat-
teries, automatic speed control, a rotating beacon, exterior flood
lights, a ground control radio with exterior speakers, a 340 gailon
water tank, and other water pumping equipment. A tow vehicle is
shown in Figure 1.

2.2.2 Friction Test Equipment

A Mu-Meter with a MK 3 recorder was the device used for
measuring pavement side-force friction. Attached to the triangular
frame were two side wheels, which measured friction, and one back
wheel, which measured distance and drove the strip chart. A close-
up of the Mu-Meter is shown in Figure 2.

3
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FIGURE 2. MU-METER

When in test position, the two friction measuring wheels were
set at a nominal included angle of 15 degrees (71 degrees each
wheel). The Mu-Meter measured the side slip force on these two
wIdes, which is directly proportional to the friction between tne
measuring tires and the pavement surface. The Mu-Meter measures
the force perpendicular to the direction of travel and is
therefore insensitive to variations in bearing friction and
rolling resistance. Because it is towed, it will self-align and
equalize the forces on both wheels. The Mu-Meter was equipped
dith a self-watering system, whicn distributed a controlled water
dePth of 1.0 mm (0.04 in.) in front of each friction measuring
hee.

An automatic printout unit mounted inside the tow vehicle :ro-
vided a display of the data coming from the Mu-Meter. This device
calculated the average friction for each 500 feet traversed.

Uisplayed it visually and printed a tape for the permanent record.
'he automatic printout unit is shown in Figure 3.

adiant temperature thermometers were used to determine the
Pavement surface temperature for each friction run.

2.2.3 Pavement Condition Survey Equipment

A Transwave distance measuring computer was used to measure
r.nwav location. The computer and display were mounted in the
ienicle cab, as shown in Figure 3. The Transwave was equipped with
-i< register memory which allowed rubber accumulation values at
lifferent locations along the runway to be stored for later recall.
dictaphone was also used to record pavement conditions.

The spot tests requiring special equipment were the transverseI3iope measurements, the NASA grease smear test, and the photographs



FIGURE 3. AUTOMATIC PRINTIOUT UNIT AND TRANSWAVE

of the pavement surface. Transverse slope measurements were taken
with the Fawley Slopw bar. The slope bar was a 4-foot level with a
cam mounted on one end to vary the vertical distance from that end
4)* the level to the runway. The cam was calibrated to read
percent transverse slope directly. This is shown in Figure 4.

* . ~ IIf

4F j

ClipP or .

rr

FIGURE 4. FAWLEY SLOPF BAR
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Apparatus for the NASA Grease Smear test is shown in Figure 5.
A selected volume of grease was smeared with the squeegee onto a
4-inch wide section of pavement delineated with masking tape. The
volume divided by the area of the grease smear equals the average
texture depth in inches.

FIGURE 5. NASA GREASE SMEAR TEST

Photographs of the pavement surface were taken with two 35 mm
cameras. They were mounted on a metal frame at an angle so that
the photographs could be viewed with a stereoscope. Electronic
flashes were used as a light source. Figure 6 shows the stereo
camera fixture.

2.2.4 Data Entry Equipment

A portable terminal, which could access the computer through
any common telephone, was used by the survey team to transmit and
receive data and messages. Figure 7 shows the portable terminal
in use by a survey team member. Two-wheel travel trailers were
used as field offices and security storage space. A trailer is
shown in Figure 8.

2.3 FIELD PROCEDURES

2.3.1 Introduction

The data gathering procedures were divided into two cate-
gories, friction measurements and airport inventory. Apart from

7
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TABLE 2. (cont.)

Texture measurements
Groove dimensions (spacing, width, depth)
kubber accumulation
"u-Values - dry and wet
Stereo photographs

TABLE 3. AIRPORT INVENTORY DATA PARAMETERS

Airport name
FAA Region
Airport Designator
Key personnel - names, tities, ohone numbers
Airport mailing address
Master Plan date
Airport Layout Plan date
Aerial photographs date
Frost depth typical for area
Runway identification
Ruiway itilization
Landinqs by aircraft type

' .ach Runway:
le nq th
qidth

£1 evation
E :tectlve iraoient
Des Lan -ransverse ope
Date of most recent pa;-;:1ngj
MarKing type

ziiant :ype and corJitLon aiong centerlin:
oovirig date

')r-ginai construction - jate, material,
"-inish, lenith and Location

Suosequent addUtlons anu overlays - date,
materlai, -nisl, -enqtn and location

Seal :oatinq date
Design aircraft, weLlvvnl and landing gear
Soil classification
Dra =nage col9iition
Rubber removal - date, nethod
Blast pads or displaced tnresnolds location
and length

Drevious friction measlirements - date, results,
source

Pavement tests, soil tests, Jates
Known pavement deficiencies:

Rutting
Shoving due to traffic
-aulting of slabs
Excessive crackinq
Frost Dumps durinq winter
Longitudinal qiride :hange
Transverse grade change
Poor drainage

U
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TABLE 3. (cont.

Loss of crown
Groove closing
Surface wear
Rubber accumulation
Other

Accident History:
Date
Runway
Equipment involved

The primary purpose of the data gathering process was the

collection of pavement surface friction measurements. All other
procedures were utilized to provide data for correlation with the
friction measurements. The field procedures fell into the
following general tasks, listed in chronological order:

1. Airport Contact Meeting

2. Airport Inventory

3. Mu-Meter Friction Tests

4. Pavement Condition Survey

5. Data Evaluation

The tasks are explained in greater detail in the following section.

2.3.2 Airport Contact Meeting

Before initial testing at an airport, the contractor

corresponded with airport management to introduce the program anc
coordinate schefuling. The survey team held a contact meeting witr
airport staff before each survey to set up a testinc schedule and
collect airport inventory data.

2.3.3 Airport Inventory

The airport inventory consisted of engineering data,
construction history and operations data for each runway tested.
Engineering data included design aircraft, design transverse
slope, effective gradient, soil classification, etc. During each
survey, changes since the previous survey, such as a runway exten-
sion or sirface treatment, were added t. tne airport inventory.

2.3.4 Mu-Meter Friction Tests

Prior to measurements at eact a2rport, survey teams performed
functional check on the Mu-Meter i, accordance with the

manufacturer's instructions. At tt'- startinu end of the runwa>,
the Mu-Meter measuring whFels wcr( ut in test position and the
tow vehicle was al iqned ter leet to tre riqht ot thce runway
centrrlin&. The dry friclior survey was start e after obtaining
clearance from iround c-ntr. . Tr- tow vehicle was brouqht up to
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passes rtsp(_ctive1\ . Survey tea memne u so ciec ket triat t1
strLp chart profiie was similar 1lor all tUaises. It a runway f(:.
outside these guidol ines it was further iivestiga~e, and i+
necessarv retested. Pavement changes, measurement variability ant
climatic conditions affecting the limits of acceptaji jity ate
further discussed in Section 2.6.5.2.

If a runway fell within the limits of acceptability, the data
were recorded on computer entry forms. It was then entered into the
computer and checked with a computer program.

_,4 QUALITY CONTROL

The quality control aspect ol the National Runway Friction
Measurement Program was designed to insure consistency and accuracy
o" data. Quality controi was divided into two major tasks. Tne
first was to insure consistencv in survey team Irocedures and
quantitative judgements. The second task' was to insure accurac,
Ln trans~errinj raw data to computer files, forms, and reports

Tc insure consistency in survey team procedcres and quar.-
titative judgements, a Quality Control Manual was developec. Toe
ouality control team included senior members of the contractinx
tirm who were familiar with all phases of field operations.

Quality control personnel periodically Joined survey teams in
the field to evaluate team performance. Their function was to
observe and evaluate the field team rather than participate in thr
work. After each visit, the\, filled out a Quality Control
Checklist and wrote a short summary of the evaluation, aivinc
recommen-,ations for improvements where needed. Team/offico
mieefLnus < ao helped to insur, consistency Ir survey procedui,-.
Team memo ,:s comparec; pa'em< cono.it ion ratin :s of pnotograp's as.
uascussed procedures wit. ea, otrer and office personnel.

Toyu second ouality contr,, task was to insure accuracy ix
transfer-inc raw diata to cofute> iiLes, iorms. and reports. . W!
0 survey team finisned aatnerinc &-. a a,- airport, the data wet.
entere,: intO:, a computer fi L. A vistia< check was maoe of ttc rav
data, the computer entr, codino forms, and the airport computer
f:iLe. The last step of data entry tor the survey team was to com-
puter check the data file for entry errors and data acceptabilits,,.

When the survey team completed each airport data file, the
home office received and evaluated the data. A computer program
used the airport data file to generate an airport survey report.
The computer-generated survey report was checked against the data
entry forms, and Mu values were checked against the Mu-Meter strip
chart.

When the computer file was correct, a second program was used
to contare the first and second survey airport data. Survey teams
used tres forms as background information to be verified by the
airp<ort staff. Throughout this process any errors which were found
w',rr, corrcter. Finally, the home office transferred the data into
the data oase.

13
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2. 5 COMPUTER OPERATI.ONS

A _are ,cinut---' apability was reluired (or ,fast and
storin(, sorting, 'arcsslng 3nd retrievint; ot the itr. IF.an
650,000 individua (dath ;tems which were _7o!-ct Tr'n-
pr ogram. The ''IrIi1ers ;erve1 -'evera 'nct ior I (I
:ssmmuncat ir, t e t K s, ......7hec m ! t

The D "c .; -fec an.(1 ,n' r , .
\lcDonnel 1o i i,; "Otir )ii ti,)n 'r'" lany LMcAuro) w,,re "nceu

-- ' ' 3rd '"'"" Z .s ; V i C S arCe - _

'e :cwF. . on r e _ _ - r Or t u rvev he team cod(e(1 a:11
l e'ed -'e o :,C d data ]ing :he oortable computer terra-ha..

.at v eryzromrs _,i:Jed the .urv'ev team in oroan :ation dn
Sthe data inrn - oicai nit, 'he i:,rport computer ti I, .

mimnort umbut "r - i;e wes amed with the corresnondiC ai c
les-inator. 'h Les:'is of :he -- orr curvevs were *..

-nmediarely aval .'Zt f to xa iXKImncil on ar "r-cess ir".
.ontractnr ,no l''4A _'ecnnical Officer.
-.5.3 _Airport RurveyReoorts

A standard ,irport Survey Report j rc sented h1e _iata of t.
friction measurements, the pavement condition survey and the spot
tests for each runway with an evaluation and discussion of the
data, A computer program used the airport conputer file to
generate the data in table format and evaluated the data according
to standards in the FAA Advisory Circular 150/5320-12. A sample
Airport Survey Report is shown in Appendix C.

2.5.4 Statistical Analysis

To organize the data, a data base was developed using System
2000 on a CDC Cyber computer. The data base structure was based on
the logical groupings of data into Region, Airport, Runway, and Test
with data for each of the units relatabl,: to each oreceeding unit.

Statistical analyses of the parameters involved in the charac-
terization of runway friction were performed using SPSS. SPSS is a
nationally vended computerized statistical package selected for its
capability of analyzing extensive data sets with a large number of
variables. All analyses were performed using the most current
algorithms for maximum processing efficiency.
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2.6 ENGINEERING EVALUATION

26.1 Data and Methods of Analysis

From November 1978 through August 1980 surface friction
measurements and a variety of other data were obtained at 268
airports on 491 runways. Each runway was tested on three
different occasions (in a few instances, two or four occasions),
with successive test dates separated by at least 60 days. See
Appendix A - National Runway Friction Measurement Program Survey
Dates. This program produced a huge volume of data, including
replicate friction measurements of the entire length of every
scheduled turbo-jet runway in the 48 contiguous United States.
From a statistical standpoint, these data represent not a sampling,
but en masse measurement of the whole runway population of interest.
To have such extensive data for predictive analysis is very rare.

After each testing at an airport, a report of the results was
produced and submitted to the FAA, who in turn forwarded a copy to
the airport management. See Appendix C - Sample Airport Survey
Report. These reports provided rapid feedback to the airport
management. Going beyond this short-term use of the data
obtained, the following engineering evaluation considers the data
as a whole and interprets the data through statistical and
analytical means.

The greater portion of the data consists of Mu values and
other pavement measurements averaged over 500-foot long runway
segments. Including all runways and test dates, the d~ta base
contains over 42,000 such segments. Apart from surface friction
data, each segment is characterized by pavement material and
finish, presence or absence of grooving, groove condition, rubber
accumulation and several other conditions (see Table 2).

Statistical analysis of segment data was confined to some 29,000
uniform segments, defined as those segments (1) having at least
490 feet of the same pavement material, finish and presence or

absence of grooving, (2) having no paint markings, ruts,
depressions or contaminants other than rubber, and (3) located at
least 200 feet from the runway end, thereby excluding acceleration
and deceleration zones. Characteristics of these 29,000 uniform
segments are found in Appendix D. Other data analyzed included
some 5,630 spot measurements of texture depth (NASA grease smear
test) and data obtained from airport management on runway usage,
construction and rubber removal.

The data analysis was performed with a standard, computerized
statistical package (SPSS). The primary methods employed were
multiple regression and correlation. The analysis was guided by
continual inspection of graphed data and of summary statistics, as
well as by the considerable first-hand field experience derived
from the program. Residual analysis was employed in reviewing the
outcome of regression runs and led to identification of unique
circumstances, thereby allowing verification of the data prior to
drawing general conclusions. A more detailed description of the
data used in each analysis is included in Appendix E.
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TABLE 5. MEAN TEXTURE DEPTH FOR VARIOUS PAVEMENT TYPES

Mean Texture Depth

Pavement Type inches x .001

Saw-Cut
Ungrooved Grooved

Asphalt, Porous Friction Course 48.5

Asphalt, Rubberized Chip Seal 39.9

Asphalt, Worn 35.0 24.7

Asphalt, Macrotexture 27.7 23.3

Asphailt, Chip Seal 24.7

Concrete, Wire Tined 22.2 20.9

Asphalt, Mixed Texture 19.3 15.9

Asphalt, Slurry Seal 19.0

Concrete, Wire Combed 18.0

Concrete, Macrotexture 16.5 12.0

Concrete, Broomed or Brushed 14.5 10.5

Asphalt, Microtexture 14.2 12.7

Concrete, Burlap Dragged 13.9 11.9

Concrete, Worn 12.8 12.8

Asphalt, New 12.5 15.3

Concrete, Float Grooved 12.5

Concrete, Microtexture 12.4 11.0

NOTE: Data include all center spots (traffic area) with no

rubber accumulation. See Appendix E.
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I
The 16 ungrooved pavement types (excluding all saw-cut

grooving and also float grooved concrete) are shown ranked by
texture in Figure 10 - Ranking of Pavement Types by Mean Texture
Depth. The similarity in pavement type ranking shown by Figures
5 and 10 confirms that surface friction and texture depth are
closely related. This relationship was further investigated.

Figure 11 - Relationships of Wet Mu Value with Texture Depth
for Ungrooved Pavements, exhibits regression lines for surface
friction as a function of texture depth. "Spot" friction values
for each texture depth location were read directly from the
Mu-Meter strip chart for this analysis. Pavement areas with
traffic but no rubber accumulation are considered. The two curves
in the figure for asphalt and concrete pavements reflect that
texture is indeed a fundamental determinant of surface friction.

2.6.2.3 Texture Wear and Weathering - Visual and photographic
observations formed the basis for classifying pavement types
during the course of the program, and analysis afterwards
confirmed that pavement age (i.e., time since construction or
resurfacing, whichever was later) corresponds in the expected
manner with pavement type. Moreover, the indication is that
texture depth increases with pavement age. This can be explained
by the increasing exposure of rough aggregate surfaces as pavement
matrix weathers or is worn away.

The relationship of texture to pavement age appears to be a
complex function in which the rate of change in texture increases
with the pavement age. For asphalt ungrooved pavement surfaces in
traffic areas with no rubber, the annual rate of change varies
from less than 0.4 thousandths during the first year to more than
four thousandths after 10 years. Data on concrete pavement age
were insufficient for similar analysis, but it appears that
texture of concrete pavements also increases with age, though at a
slower rate than for asphalt.

Comparison of the above results with a similar analysis for
nontraffic areas reveals that weathering, rather than pavement
wear, is the primary cause of texture increase, at least for
asphalt pavements. This conclusion rests on the fact that
traffic and nontraffic pavement areas show essentially the same
rate of texture increase. (Resulting nontraffic rate is slightly
lower, as might be expected, but not statistically different.)

The above analysis excluded porous friction course and
pavements with special seals. It was observed that some pavements
which were originally finished with extremely coarse texture have
weathered to a condition of lesser texture.

2.6.2.4 Summary of Pavement Evaluation - The mean surface
friction values given in Table 4 for nonrubber areas, imply the
ranking of 28 pavement types displayed in Figure 9. This ranking
is based on surface friction alone; choice of a runway pavement
type depends upon several important considerations. Pavement
grooving and rubber accumulation have pronounced effects on
surface friction as will be further discussed below. Texture
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depth is a fundamental determinant of surface friction.
Interestingly, weathering of typical pavements causes texture
depth to increase; the rate of change in texture increases with
pav,inent age.

2.6.3 Evaluation of Pavement Grooving

2.6.3.1 General Effects of Grooving - The primary purpose of
grooving is to provide improved drainage at the tire-pavement
interface to reduce the potential for hydroplaning. In addition,
it improves the friction characteristics of the pavement surface.

NASA tests on grooved pavements indicated that grooves spaced
on the order of one inch could achieve this objective. FAA
recommends the lV4-inch groove spacing as the optimum practical
standard consistent with these findings.

Since pavement texture is fundamentally related to surface
friction, it is not surprising that techniques aimed at increasinc
the macro-scale texture of pavement are successful at increasing
surface friction. Such techniques include plastic texturing of
concrete pavements, surface treatment of asphalt pavements and saw-
cut. grooving of Loth asphalt and concrete pavements. This analysis
focuses on saw-cut grooving, which includes ii pavement types.

The fact that grooving enhances surface friction of runway
pavements is evident from inspection of Table 4 - Mean Wet Mu
Values for Pavement Types, discussed in Section 2.6.2.1. A
different view is afforded by Figure 12 - Example of Effect of
Saw-Cut Grooving on Runway Surface Friction, which shows data for
a specific runway. As the figure shows, grooving enhances surface
friction throughout the runway length.

Figure 13 - Comparison of Wet M, Values for Saw-'-ut Grooved

with Ungrooved Pavement, exhibits previously presented data in a
manner which emphasizes the effects of grooving on surface
friction. Pavement types are ranked in Part A of the figure
according to mean wet Mu value in areas without rubber
accumulation for the grooved types. Mean values for corresponding
ungrooved types are shown for comparison. Part B of Figure 13
shows a similar comparison for areas with 30 percent rubber
accumulation, as determined by regression analysis described in
Section 2.6.4.1. (Note that 30 percent rubber accumulation means
a level of accumulation which obliterates 30 percent of the
pavement texture.) Figure 13 illustrates that saw-cut grooving
generally enhances surface friction in uncontaminated areas, while
in areas of rubber accumulation the increase in friction due to
grooving is more pronounced.

2.6.3.2 Effect of Groove Spacing - The effect on surface triction
of groove spacing was investigated by multiple regression.
Measured groove spacings were sorte(j into classes corresponding to
class-means of 1.25, 1.5, 1.75, 2.0, 2.25, 2.5, 2.75 and 3.0
inches. It was found for various grooved pavement types that a
one-inch difference in groove spacing corresponds typically to a
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five-wet Mu value difference in friction (with typical standard
error one wet Mu value per inch). The regression results indicate
that, within the range of spacings encountered, surface friction
increases as qroove spcfno decreases. That is, the enhancement
of friction is greater for narrower spacing. At the other
extreme, very little friction enhancerent results with the widest
qroove spacings.

it is therpfore desirable from the standpoint of friction to
use smaller saw-cut qroove spacings. The standard groove spacing
of 1 inches center to center is indicated as best in the range
encountered in the program.

2.6.3.3 Effect ,)f Groove Deterioration - Groove deterioration was
3lso considered in the multiple regression analysis. The deterioration
of qrooving is represented in a scale from zero (good condition,
uniform depth across runway) to nine (essentially ineffective).
For example, a groove deterioration of three means from 30 to 39
percent ineffective, due to being filled or missing or poorly built.

Based on the above ratinq scale, the regression results for
saw-cut grooved pavements are typically one wet Mu value decrease
in friction per unit increase in groove deterioration. The
standard error is approximately 0.5 wet Mu value per unit of
qroove rating.

2.6.3.4 Groove Deterioration and Climate - There are known cases
of grooved asphalt pavements on which the grooves have closed up,
apparentlv as a result of traffic durina high summertime
tprnoerature-. A statistical relationship for asphalt pavement.
wi thereforo souqht between groove deteriorat:on, as defined in
.. previous section, and climate, represented by frost depth anc

mpan dailv maximum temperature for the hottest month. Multiole
rearession analysis yielded no relationship for temperature ano
orlv - weak relationship for frost depth.

2.6.,.7 qummarv of Grooving Evaluation - Saw-cut qrooving of
runwa" pavements has a definite, positive effect on surface
friction, as can be seen in Figure 13. Groovinq enhances friction
in areas of rubber accumulation to a qreater degree than in areas
with no rubber. The effect of qroovc spacing is that friction
enhancem-n- is greater for narrower mpaclnc. As grooves
deteriorate in. condit on, the enhancement )f friction also
decreases ,!ightly.

2.,.4 Evaluation of Rubber Removal Effectiven-ss

... 4.1 Effocts of Rubber Accumulatior on Surlace Friction -
Pi]hber accumulat on on runway pavement profoundly affects surface
friction, as is evident from Figure 9 in Section 2.6.2.1. For a
Pariiulgr runway, a graph of wet Mu value versus distance
inerilly has lowest friction values in areas of hiqhest rubber
accumulation. Figure 14 - Example of Effects of Rubber Accumulation
anci Ppmoval on Runway Surface Friction, illustrates this. Figure
14 also shows that rubber removal can result in increased surface
friction, as will be further discussed below.
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Linear relationships between surface friction and degree of
rubber accumulation were developed through multiple regression
analysis of data for the 500-foot runway segments. The analysis
excluded segments with no rubber accumulation, as these are the
overwhelming majority and would tend to weight the results unduly.
For individual pavement types with sufficient data for analysis,
equations were obtained of 'he following form:

M = b - m R .................................. (1 )
in which

M = wet Mu value segment average;

b = intercept constant, having units of Mu values;

m = slope constant, having units of Mu values per unit of
rubber accumulation; and

R = rubber accumulation segment average measured in units
from zero (no rubber) to nine (essentially complete
obliteration of pavement texture by rubber).

The results are presented in Table 6 - Regression Constants
Relating Surface Friction to Rubber Accumulation. The constants b
and m reported in Table 6 are as appear in Equation 1. Note that
for grooved pavement types the reported constants have been
adjusted for the simultaneous influences of groove spacing and
groove condition, and the intercept b reflects the mean values
(for each such pavement type) of groove spacing and condition.

An important observation from Table 6 is that the slope m for
saw-cut grooved pavements is generally on the order of one-half
the corresponding slope for ungroovc pavements. (The only
exception to this is new asphalt, which has a relatively small
data set when restricted, as in this analysis, to 500-foot
segments with significant rubber accumulation.) This means that
the surface friction of saw-cut grooved pavements is less
sensitive to rubber accumulation than is the surface friction of
ungrooved pavements.

Consider for example microtexture concrete pavement. From
Table 6 the regression slope m is 6.9 Mu value per unit of rubber
accumulation for the ungrooved pavement type, and 3.5 Mu value

ter rubber unit for saw-cut grooved. Thus the decrease in wet Mu
value for, say, a two-unit increase in rubber accumulaion is
approximately 14 for ungrooved, and 7 for saw-cut grooved,
microtexture concrete pavement.

The regression lines defined by the slopes and intercepts in
Table 6 are shown graphically in Figure 15 - Relationship of Wet
Mu ilue with Rubber Accumulation for Asphalt Pavements and
Figure 16 - Relationship of Wet Mu Value with Rubber Accumulation
for Concrete Pavements. Note that the actual ranges of rubber
values found in the data for each pavement type are indicated by
the soli] portions )f the regressioi, lines in Figures 15 and 16.
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2.6.4.2 Relationship to Aircraft Landings - It is reasonable to
expect that rubber accumulation (and hence surface friction)
should be related to the amount of use a runway receives, in terms
of aircraft landings. Many factors affect the amount of rubber
deposited on a runway during a landing, such as aircraft weight
and type, landing speed, ambient temperature, pavement surface and
tire material, loading and configuration. Since the landing speed
and wheel loadings are generally similar for the classes of
aircraft that account for most rubber deposition, rubber
accumulation is a function of the number of wheel impacts which is
in turn a function of aircraft landing weight. A simple common
denominator was needed to express these factors for comparison
with observed rates of rubber accumulation. The statistical
analyses also show that the greatest correlation is with total
landing weight for all aircraft heavier than 12,500 lbs. In this
report, the runway utilization parameter is "aircraft landings",
expressed in millions of pounds per year. Lighter aircraft are not
included as their landing speeds and wheel loadings are generally
much lower.

Numbers of landings for each aircraft type were obtained at
every airport, and airport staff provided data or estimates of the
percentage of total landings associated with each runway end. For
each runway end, then, the annual landings are computed by
multiplying the number of landings of each type of aircraft times
the maximum landing weight of that type, and summing the results.

Relationships of various kinds were investigated, and it was
found that different sorts of relationships best described runways
which had never been subjected to rubber removal versus those
which had.

Inspection of aircraft landings data sorted in rank order
revealed that runway ends with landings less than 250 million lb/yr
rarely have significant rubber accumulation. This is an important
observation, as it indicates that certain factors must tend to
remove or degrade rubber on runways; for otherwise even low usage
runways would eventually accumulate rubber. Factors tending to
remove or degrade rubber may include weathering, sunlight,
microbial activity, snow removal activities (plowing, scraping
and sanding) and sweeping.

Another observation is that very few runways with no record
of rubber removal have aircraft landings greater than 5,000
million lb/yr. Further analysis of "never cleaned" runways
revealed that rubber accumulation on such runways can be more
accurately related to annual aircraft landings than to cumulative
landings since the pavement surface was newly finished. This
suggests that on these "never cleaned" (i.e., lower use) runways a
steady state develops between rubber deposition and those
factors tending to remove or degrade rubber.

The relationship to annual landings is shown in Figure 17 -
Relationship of Average Rubber (2,000-foot) to Annual Landings
for Runways Never Cleaned. To develop these relationships, only
those runway ends with landings greater than 250 million lb/yr
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were analyzed. All pavement types have similar rubber
accumulation at low usage rates (approximately 1,000 million lb/yr
and less). The pavement types accumulate rubber differently,
however, at usage rates above 1,000 million lb/yr. In this higher
range, for a given rat- of annual landings, asphalt runways
qenerally have more ruoer than concrete runways, and ungrooved
runways have more rubber than grooved runways.

The measure of rubber accumulation used in the above analysis
is a computed 2,000-foot average value. It is defined for each
runway end as the area under the graph of rubber rating (on the
zero to nine scale) versus distance, divided by 2,000 feet. The
2,000-foot distance is typical of the zone of rubber accumulation
on runway ends. The average defined in this way allows valid
comparison between different runways of the total accumulation of
rubber.

The relationship between 2,000-foot average rubber and
maximum 500-foot segment rubber is

Ravg = -0.22 + 0. 7 3 Rmax .................... (2)

in which

Ravg = 2,000-foot average rubber rating for runway end;

and

Rmax = maximum 500-foot segment rubber rating on runway end.

For "never cleaned" runways, the statistical analysis achieved
better results using average rubber rather than maximum rubber.
However, maximum rubber is the more meaningful parameter, as it
is the basis for prediction of the minimum 500-foot segment wet Mu
value.

2.6.4.3 Effectiveness of Rubber Removal - Approximately 19
percent of all runways tested in the program had rubber removal
during the program or within one year prior to initial testing.
The cleaning method was in nearly all cases high pressure water.
There were no instances of rubber removal on porous friction
courses, chip seals or slurry seals during the program. It was
usual to observe rubber accumulation on runways previously
cleaned. In most cases some weeks or months had elapsed between
the cleaning and the observation.

Runways having rubber removal include those with the highest
usage rates. In terms of annual aircraft landings, a few runways
exceed 15,000 million lb/yr. At the other extreme, approximately
30 percent of runways with rubber removal have annual landings
below 1,000 million lb/yr.

In contrast to runways which did not have rubber removal,
rubber accumulation on cleaned runways was more accurately related
to cumulative landings since rubber removal than to annual
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landings. The relationship is illustrated in Figure 18 -

Relationship of Maximum Rubber (500-foot segment) to Cumulative
Landings Since Rubber Removal.

The regression lines in the figure correspond to equations of
the following form:

Rmax = c + k L ........................... (3)
in which

Rmax = maximum 500-foot segment rubber rating on runway
end;

c = intercept constant, having units of rubber
accumulation rating;

k = slope constant, having units of rubber rating per
million lb of aircraft landings; and

L = cumulative aircraft landings on runway end, in
million lb.

Table 7 - Regression Constants Relating Rubber Accumulation to
Cumulative Landings Since Rubber Removal, presents the results of
the regression analysis for Equation 3.

TABLE 7. REGRESSION CONSTANTS RELATING
RUBBER ACCUMULATION TO CUMULATIVE LANDINGS
SINCE RUBBER REMOVAL

Pavement Class Intercept c Slope k Standard Error of k

Asphalt 2.6 0.0012 + 0.0006

Asphalt, 2.5 0.00034 + 0.00013
Saw-Cut Grooved

Concrete 1.9 0.00098 + 0.00019

Concrete, 2.4 0.00059 + 0.00008
Saw-Cut Grooved

The intercept constants in Table 7 provide a simple and direct
measure of the effectiveness of rubber removal. The intercept
constants are approximately 2-2.5, representing rubber accumulation
to the degree that one-fourth of the pavement texture is filled or
obliterated. This is a statistically derived estimate of the
maximum 500-foot segment rubber rating to be found on a runway
immediately after rubber removal. Since rubber removal decreases
maximum rubber, the minimum wet Mu value is therefore increased.

The slope constants indicate the rate of rubber accumulation

for each broad pavement classification. Note that the number of
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cleaned runways was not large enough to allow a more detailed
breakdown of pavement types for this analysis.

The slopes for ungrooved asphalt and ungrooved concrete are
similar and indicate that an increase in cumulative landings of
approximately 1,000 million lb causes a unit increase in the
maximum rubber rating. The cumulative landings per unit rubber
increase are roughly twice the above for grooved concrete and
three times the above for grooved asphalt.

Thus grooved pavements accumulate less rubber for a given
amount of usage than ungrooved pavements. This result may seem
surprising, as casual observation of high rubber accumulation on
grooved runways could easily lead one to the opposite conclusion.
The paradox can be resolved by realizing that grooved runways tend
to be runways with higher usage; the higher usage apparently more
than compensates for the lower accumulation rates.

Note that in this analysis of cleaned runways, equally good
statistical relationships were obtained for maximum rubber (Rmax)
and average rubber (Ravg). The results for maximum rubber are
presented because they are more meaningful, in that they relate
directly to minimum wet Mu values.

2.6.4.4 Guidelines for Rubber Removal Frequency - A useful
summary of the relationships developed above for wet Mu value,
rjm)ber accumulation and aircraft landings is presented in Figure
19 - Rubber Removal Frequency for Various Pavement Types.

A joint FAA-USAF-NASA Runway Research Program was conducted
from 1971 to 1974. Several turbo-jet aircraft and various
friction measuring devices were tested on pavements with a wide

range of slippery conditions. Based on these test results, a
Mu value of 50 was selected as generally providing adequate
runway surface friction.

Discussions with airport personnel confirm that a recommended
minimum wet Mu value of 50 is reasonable to produce and provides
adequate runway surface friction under most conditions. The
recommended wet Mu value of 50 for the minimum 500-foot runway
segment, as further discussed in Section 2.7, is assumed as the
basis for Figure 19. The graph is not applicable to runways with
low usage.

To use the figure for a given runway end, the annual aircraft
landings in million lb/yr must first be known or estimated.
(Refer to Section 2.6.4.2, second paragraph, for the procedure.)
The corresponding rubber removal frequency can then be read
dtrectly from the appropriate curve. Sixteen out of the total of
28 distinguished pavement types have sufficient data to be
represented in Figure 19. Certain curves depict more than one
pavement type for which results are closely similar.

Figure 19 can be used to analyze surface treatment,
resurfacing or construction alternatives for a runway which has or
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individual runways will leviato from the- curves shJown in the
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r lbbfr removal f requency f or the "average, pavoment" (-ach1 t ype.
Ma intenance of a par ticular r unway should ilIt imatel 1re. ,asced
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2.6.5 Other-Factors Related to Friction

2 .6 .. 1I Pave-ment Related Factors - On each runway tested,
rO servations o-t :Pavemennt c-ondition included ratings for (;tructural

di;resand fo-r moint or crack co(-ndition. The-se rat inas were-
c'"raqed for -ac-n 500-foot runway segment in the Same Tanner as

~ riber ccjmulaticon data, and th -vrage values were ,nclud,:d
:nit ial. mult iplP regressioni analyses.

It was fouind t-hat ruinw-iv f riction measurement i- not- strongly
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2.~5.2Measurement Related Factors - Testing precision involves
'he precision of the measuring instrument and the test techniques
employed-(. The Mu-Meter was used to measure surface friction on
runway pavements in the National Runway Friction Measurement
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the Mu-Meter from the centerline during testing. Climatic
conditions also affect the measurement of surface friction. These
conditions may include air, pavement and water temperatures durin l
testing and antecedent precipitation. These factors, as well as
normal measurement variability, affected the measurement of
friction between successive tests at an airport.

Extreme variability between successive measurements indicates
the possibility that human error, equipment malfunction or other
unaccounted factors have resulted in unrepresentative readings.
For this reason, limits of acceptability were formulated for
differences between successive measurements. See Section 2.3.6.
These limits were used in the field for screening out unrepresentative
data. In these cases, retesting was performed to eliminate human
error and equipment malfunction. Approximately one percent of the
500-foot segment data fell outside the limits of acceptability for
unaccounted factors. Note that the test precision, limits of
acceptability of data and maintenance tolerances, while related,
are actually different considerations. It is important to note
that limits of acceptability are only applicable to the National
Runway Friction Measurement Program and should not be construed as
the precision of the Mu-Meter or as maintenance tolerances.

Certain measurement related factors have been successfully
accounted for by statistical analysis. These factors are
calibration reading, water temperature and pavement temperature.
Briefly, the findings are as follows:

(1) To correct for the deviation of the calibration readinc
from the reference Mu value of 77, multiply the deviation
(which is in the range -3 to +3) times 0.25 and subtract the
result from the raw Mu data.

(2) The effect of water temperature is to decrease wet Mu
values as water temperature increases, the rate of decrease
being approximately 0.5 Mu value per degree Celsius.

(3) The effect of pavement temperature is opposed to that of
water temperature, and there is approximately 0.2 Mu value
increase per degree Celsius increase in pavement temperature.

Mu data can be adjusted for calibration and normalized to the
reference temperature of 201C according to the following formula:

Micr = Mraw - 0. 2 5Cd + 0.5w - 0.2Tp - 6.0 .......... (4)

in which

Nic r = wet Mu value adjusted for calibration and normalized
to the reference temperature of 201C;

Mraw = raw wet Mu value;

Cd = calibration deviation, defined a.- calibration
reading minus 77 Mu value;
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w  = temperature of water used in the wet friction
measurement, in degrees Celsius; and

T p = pavement temperature, degrees Celsius.

The con -tant term, -6.0, arises from the temperature adjustment to
20'C. Note that when both Tw and Tp equal 20*C, all terms in
Fquation 4 to the right of Cd total to zero.

The data in this report were not adjusted since the adjustments
are small and the various temperature and calibration values
encountered tend to cancel each other. The equation is only an
aprproximation because the data on which it is based includes many
other factors. It is recommended that more accurate normalization
'actors be developed under controlled test conditions. The equation
may be useful for a particular runway measured repeatedly to achieve
j more precise measurement.

To sum up this discussion, a variety of extraneous factors
impinge on the measurement of surface friction with the Mu-Meter.
Certaln of these factors can be accounted for quantitatively as in
Equation 4. Mu data obtained in the program have yielded a
rational and useful analysis of runway friction and thereby have
proved their adequacy to the intended purpose.
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2.7 MODIFICATIONS IN ADVISORY CIRCULAR 150/5320-12

Experience during the National Runway Friction Measurem.e-nt
Program has shown that the Mu-Meter is an effective friction
measurement device embodying an excellent physical principle for
measuring runway friction. Continuous recording of measurements
allows the airport sponsor to analyze and quantify specific areas
in detail as well as the entire runway surface. Several changes
in the Mu-Meter since its conception have improved the usefulness
of the device without affecting the basic design principles. The
capability of automatically recording 500-foot segments on the
strip chart used extensively during the program, is one useful
change. A list of suggested further modifications for improveds
ease of operation, reduction and simplification of maintenance and
improvement in data collection was transmitted to the Mu-Meter
manufacturer for consideration in future modifications.

Throughout this program, airport sponsors were generally
aware of low surface friction when informed that a portion of
their runway was below the recommended minimum Mu value of 50.
Of the 491 runways tested, 122 (24.8%) had wet Mu values less than
50 on at least one 500-foot segment on their final test. However,
only 1900 (4.5%) of the 42,000 segments had wet Mu values less
than 50. Of the 122 runways with low segments, 64 runways (52.5)
had wet Mu values less than 50 for less than 1000 feet.

The following modifications to A/C 150/5320-12 therefore
reflect a minimum Mu value of 50. The primary purpose of this
report is to establish simplified guidance and criteria for
airport operators to maintain runways at adequate friction lev~i: .
Further investigations of actual aircraft performance will, iL tife
future, provide additional data.

It should be noted that throughout the program and this
report, Mu values are multiplied by 100 and therefore range from 0
to 100. For use in the following recommendations for
modifications to A/C 150/5320-12, Mu values are expressed from a
range of 0.00 to 1.00. Thus, the recommended minimum, value of 50
is expressed in these recommendations as 0.50.

During Phase I of the National Runway Friction Measurement
Program, an evaluation of different water depths for wet friction
measurements was accomplished. It was determined that a water
depth of 1.0 mm (0.04 inches) was needed to fill the voids of the
pavement texture. A hydrologic study (Appendix H) was performed
as part of this investigation and confirmed that the application
of 1.0 mm (0.04 inches) of water in front of the Mu-Meter friction
measuring tires would provide a better test to accomplish the
objectives of the program. A number of other studies, including
data developed by the Texas Transportation Institute, ICAO
recommendations and literature values support this conclusion.
Also, 1.0 mm (0.04 inches) depth of water better represents
conditions encountered on runways during rainfall throughout the
contiguous 48 states. Experience indicates that more meaningful
data were collected using this water depth.
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In the Advisory Circular modifications described below, the
Suggested Schedule for Friction Surveys is based on Figure 19 -
Rubber Removal Frequency for Pavement Types. All of the scheduled
turbo-jet runways would be checked at least annually.
Approximately 15 runways would need testing more than once per
month.

The following modifications are suggested as a result of the
engineering analysis as well as the extensive experience
accumulated during this program.

l.a. Replace existing paragraph with the following:

"Texturing Techniques for Asphaltic Concrete Pavements.
Surface textures of newly constructed asphaltic concrete pavements

are generally quite smooth. This is due to the effort required
during construction by the rolling equipment to achieve the
required compaction and density. However, several methods are
available to improve texture and surface friction in asphaltic
concrete pavements. These include saw-cut grooves, porous
friction course, chip seals and skid-resistant aggregate slurry
seals."

l.b.(l) Add to end of existing paragraph:

"Efforts should be made to improve the texture of plastic
grooved concrete pavements in the areas between the grooves."

i.c.(l) Change second sentence:

"Experience has shown that uncontaminated concrete pavements

that have an average texture depth of 0.015 inches provide good
surface friction."

3.c. Change "200 yards" to "500 feet."

Figure 2-1: A new photo with an updated self-watering system
should be used to avoid confusing new users of the equipment.

3.c.(l) Replace the first sentence with the following:

"Frequent checks of the Mu-Meter's functions and calibration
should be made by performing test runs with self-watering equipment
at a constant speed of 40 mph over clean, untrafficked pavement."

3.c.(4) Replace the fourth sentence with the following:

"The total flow rate of 88 gallons/minute (44 gallons/
minute on each side) is required to obtain a water depth of 0.04
inches for a tow vehicle speed of 40 mph."

3.c.(4)a. Replace the second sentence with the following:

"For consistent measurement of wet runway pavement surfaces,
it is suggested that the airport sponsor use self-watering
equipment."
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3.c.(4)b. Replace second and third sentences with the following:

"It takes 150 gallons of water to test 6000 feet of runway
pavement. The weight of 150 gallons of water is 1250 pounds."

4. Replace the existing paragraph with the following:

"MEASUREMENT PARAMETERS. Conditions which influence surface
friction characteristics of wet pavement surfaces are pavement
texture, contaminants (especially rubber accumulation) and
pavement abnormalities. The airport sponsor should evaluate each
of these conditions by the following parameters."

4.a. Delete paragraph.

4.a.(l) Delete paragraph.

4.a.(2) Delete paragraph.

4.b. Replace the existing paragraph with the following:

"Contaminants. Surface friction characteristics of runway
pavements may be significantly affected by contaminant
accumulation over a period of time. One of the main problems
facing the airport sponsor concerning the condition of runway
pavement surfaces is rubber accumulation. Suggested methods for
cleaning are given in Chapter 4. Other corrective action given in
Chapter 3 may be considered to improve the friction
characteristics of a contaminated runway pavement surface. The
following parameter is given to assist the airport sponsor in
making the decision on when it is necessary to remove contaminants
from the runway pavement surface."

4.b.(l) Replace existing paragraph with the following:

"When the AVERAGED MU VALUE within the contaminated area is
less than 50 for a distance of 500 feet or more, corrective action
should be performed on the entire contaminated area."

4.b.(2) Delete paragraph.

4.b.(3) Delete paragraph.

4.c. Delete paragraph. It is recommended that an alternate
paragraph be developed.

4.c.(l) Delete paragraph.

4.d. Change section to 4.c.

4.d. Replace the third sentence with the following:

"For this reason the surface friction should be determined
under actual rainfall conditions through the surface areas subject
to ponding."
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4.d.(l) Replace first sentence with the following:

"When the AVERAGED MU VALUE within a ponded area is less than
0.50, corrective action should be taken."

4.e. Change paragraph to 4.a.

4.e. Replace paragraph as follows:

"Surface Treatment. A basic determinant of surface friction
is the texture depth of a runway pavement surface. An increase in
texture depth will produce a corresponding increase in surface
friction. Suggested methods for improving texture are given in
Chapter 3 and include saw-cut grooving, porous friction course,
chip seals, and aggregate seal coats and plastic texturing of
concrete pavements. The following parameter is given to assist
the airport sponsor in determining when corrective action is necessary.

(1) When the AVERAGED MU VALUE of the pavement is less than
50, for a distance of 500 feet or more, corrective action should
be performed on the runway pavement surface."

5.a. Replace "limits of rubber deposits" with "limits and degree
of rubber accumulation."

5.a.(l) Add the following paragraph:

"The extent and degree of rubber accumulation should be
determined in areas of rubber contamination. The degree of rubber
accumulation should be rated from zero (essentially no rubber
accumulation) to nine (essentially complete obliteration of
pavement texture by rubber). Experience has shown that visual
observations alone are insufficient for making an accurate
determination of rubber accumulation, and the pavement surface
must actually be felt."

5.b. Replace existing paragraph with the following:

"Self-watering devices used with Mu-Meters require 300
gallons (2500 pounds) of water to cover approximately 12,000 feet
of runway. Water is carried in the tow vehicle in either flexible
or rigid tanks."

5.c. Replace the second and third sentence with the following:

"A 300-gallon system will usually allow testing of a 13,000-
foot runway because 500 feet is allowed for acceleration and
deceleration of the tow vehicle. Tests in both directions can be
performed on a 7,000-foot runway with a 300-gallon water tank."

5.d.(l) Change "10 feet from" to "10 feet to the right of."
Add to existing paragraph:

"Additional test runs in rubber areas can be performed at
different distances from the centerline to determine the transverse
extent of low surface friction due to rubber."
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5.d.(2) Delete paragraph.

5.d.(3) Replace first sentence with the following:

"These test runs are used to determine the surface friction of
runway pavements."

5.d.(4) Change to 5.d.(2).

Delete last sentence.

5.d.(5) Change to 5.d.(4).
Change the third sentence from "relative loss of
friction" to "friction characteristics".
Change "4d(l)" to "4c(l) ."

5.d.(6) Change to 5.d.(5).

Change "4c(l)" to "4b."

6.-6.d.(3) Replace entire existing section with the following:

"Data Acquisition. The strip chart provides a permanent
record of the Mu values on a particular runway surface.
Identification of significant field observations affecting the Mu
values should be made directly on the strip chart. The strip
chart obtained in subsequent surveys can then be compared by the
airport sponsor with previous test runs. The airport sponsor
should emphasize to the test personnel the importance of
conducting the survey at the same location as previous test runs,
so proper comparisons can be made.

a. Pertinent Test Information. At the beginning of each test run
the strip chart should be identified with the following
information:

(C) Airport Designator or Name
(2) Runway Designation (end from which test began)
(3) Survey Date
(4) Survey Time (in 24 hours)
(5) Survey Test Personnel
(6) Water Temperature
(7) Pavement Temperature

(8) Type of Test (calibration, dry, wet)

b. Interpretation of Data. Parameters for interpretation of data
are provided in paragraph 4."

9.b. Change the second sentence to the following:

"Water drainage and skid resistance for asphaltic concrete
pavements can be improved by addition of saw-cut grooves, a
porous friction course, addition of a chip seal or by addition of
a skid resistant aggregate slurry seal as an interim measure.

Delete the third sentence.

9.b.(3) Change to 9.b.(4).
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Add the following section:

"9.b.(3) Chip Seal. Improvement of surface friction can be
achieved by constructing a chip seal. Some chip seals have been
constructed with an asphalt rubber mix."

Specific FAA specifications on chip seal should be added
concerning asphalt mix, size and composition of aggregate and
preparation and construction methods to be used.

13. Replace existing paragraph with the following:

"Suggested Maintenance Schedule. For any maintenance program
to succeed, ranways should be inspected frequently. Observations
noted during visual inspections of pavement surfaces will help
determine if a friction survey is required. Runways which have Mu
values less than 0.50 on a previous test should be tested more
frequently than suggested below. Table 5-1 suggests a schedule
for friction surveys based on the annual landing weight of the
most heavily used runway. The annual landing weight may be found
by first finding the total number of annual landings of each type
of aircraft landing at an airport. The annual landings of each
type of aircraft should then be multiplied by the corresponding
maximum landing weight as given in AC 150/5325-5B. The sum of
these values will produce the annual landing weight at the
airport. The annual landing weight should then be multiplied by
the percentage of landings on the most heavily used runway end.
The resulting runway end annual landing weight should be used in
Table 5-1. It is suggested that the airport sponsor test all
runways at the airport each time a survey is nerformed."

TABLE 5-1. Replace existing table with the following:

SUGGESTED SCHEDULE FOR FRICTION SURVEYS

Frequency of Friction Surveys
Runway End Porous Friction Course

Annual Landing Weight Ungrooved Saw-Cut Grooved
(million pounds/year) Pavements Wire Tined

Less than 1000 Annual Annual

1000-2000 6 months Annual

2000-4000 3 months Annual

4000-8000 1 month 6 months

8000 and above Monthly or 6 months

more often
as required
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3. CONCLUSIONS

3.1 PRIMARY CONCLUSIONS

1. Rubber accumulation on runway pavements profound>
affects surface friction. These effects have been quantified for
various pavement types and range from 1.6 to 6.9 wet Mu value
decrease per unit increase in rubber accumulation rating.

2. Rubber removal improves runway surface friction
characteristics.

3. Saw-cut grooving improves drainage and reduces
hydroplaning potential in addition to improving runway surface
friction. The friction enhancement due to grooving is greater in
areas of rubber accumulation than in uncontaminated areas.

4. For low-use runways, a reasonable basis for comparing and
ranking the surface friction characteristics of various pavemen.
types is provided by mean wet Mu value; for uncontaminated areas.
(See Table 4 and Figure 9.)

5. For high-use runways, guidelines have been developed for
rubber removal frequency dependent on pavement type and annual
landings. (See Figure 19.) These guidelines can be used in
projecting and comparing annual costs of runway construction,
resurfacing or pavement treatment alternatives, as well as in
guiding maintenance of existing runways.

6. The Airport Survey Reports produced for eacr of the 26&
airports after each testing provided timely input for airport
maintenance purposes.

7. The purpose and objectives of the National Runway
Friction Measurement Program were achieved. Mu-Meter measurements
and Pavement Condition Survey data obtained in this program have
yielded a rational and useful analysis of runway friction.

8. The Mu-Meter is a rapid and effective device for
measuring surface friction when operated in accordance with the
manufacturer's instructions.

9. A Mu value of 50 or greater has long been generally
accepted as providing adequate runway friction under most
operatinq conditions. This program did not disclose data tc
support any other value. It must be understood that as frictior.
decreases the relative safety decreases, but it is gradual and
time-related, that is, when the Mu value decreases from 50 tco 49
the pavement does not go from totally adequate to totally inade ]uatc.
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3.2 CONCLUSIONS REGARDING PAVEMENT CHARACTERISTICS

10. The ranking of pavement types on the basis of mean
texture depth closely follows the surface friction ranking.
However, measurements of friction rather than texture are a
oreferable basis for planning routine runway maintenance.

11. Texture depth and rate of change in texturp depth
increases with pavement age. The increase rate varies from less
than 0.4 thousandths of an inch per year during the first year to
more than four thousandths of an inch per year after 0 years for
asphalt pavements, and apparently somewhat lower for concrete.

3.3 CONCLUSIONS REGARDING PAVEMENT GROOVING

12. The benefits of improved drainaqe and enhancement of
friction due to grooving are greater for narrower groove spacing.
A one-inch difference in spacing causes approximately a five Mu
value difference in surface friction over the range from li to
3 inches encountered in the program.

!. Groove deterioration produces - small effect (r. surface
fr i [ori.

.4. Phe -_itc of rubber acc -'_'M ti, 'oi n grooved rinways
less -hn-r on :-nrrooved runwavs. wlth ' jame eve1 of ,-ge.

3.4 C'ECLCSIC'JS .{ECARDING RURBER ACCrMUATION AND 0EMDVt1L

15. Pubber removal reduces the maximum 500-foot runwa.
seament :r-ber ratinr to approximatelv 2-2.5, corresonclin t,

2 -o :- n- -xture ,,liter r :,n . fllinq with rjbhber.

"6. Rutber accumulation can be related to aircraft landi-qs
-xpressed as ")e summation of 1-otal landing weiqht on the runway -nd.

For .-4,-use runways, ribber accumulation is dependent n
annual 3rrcraf- landings (i.e., isqgae rate) and pavpment type
according to the scheme:

Annual Landings Rubber Accumulation

Below 250 million lb/yr Essentially zero for all pavement
t vCes

From 250 to 1,000 Very low for all pavement types
million l,yr

From 1,000 to 5,000 Linearly Iependent on annual
million l-'ir landinqs, with different slopes ,or

different pavements

18. :'r righ-use runways 'having rubber removal), rubber
iccimulation is linear y dependent on cumulative airoraft landinqs
-inc- rubber rpmoval (i.e., c,.imilative usaqe) , with 9iff-rent
slopes for di~ffrent pavements.



19. Field observation indicates that it is difficult to

remove rubber from the porous friction course pavements.

3.5 OTHER CONCLUSIONS

20. Wet Mu values can be corrected for calibration and
adjusted to the reference temperature 20"C. (See Equation 4.)

21. Personnel can be adequately trained to operate and
maintain the Mu-Meter to provide friction data for engineering and
maintenance purposes provided they operate the equipment
regularlv.

22. The program has successfully demonstrated that personnel

can be trained to observe rubber accumulation and other runway
conditions on consistent and correlatable scales.

23. The large data base resulting from this program can,
with relatively small additional data collection, be used to
determine long-term maintenance and pavement requirements
nationally.

24. Future analysis of the stereo photos could provide

significant findings on the charactersitics o' aggregate
microtexture and other factors which produce desirable friction.
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4. RECOMMENDATIONS

The National Runway Friction Measurement Program has resulted
in the following recommendations:

1. Pavement types having high surface friction, as identified
in Figure 9, should be considered in the planning and design of
new runway surfaces, particularly for low-use runways.

2. The guidelines for rubber removal frequency, as contained
in Figure 19, should be used in planning and design of new runway
surfaces and as a maintenance guideline, for high-use runways.
Specific scheduling of rubber removal for an existing runway
should ultimately be based on direct observation of rubber
accumulation and measurement of surface friction.

3. The rating system used in this program for rubber
accumulation should be formalized and promulgated for use by
airport maintenance personnel.

Porous :riction course, ;aw-cut qrooving or other surface
tr-a-ments should be considered for existing runway pavements with
low iurface friction.

The standard groove spacinq inches) should continue
to be used.

6. The large data base from this program should he used to
determine lcnq-erm runway mairienance and pavement requirements
on i nat. )nai -asis.

7. Proarams should be designed and implemented :o define
relationshins ot runway triction to environmental factors (e.g.,
actuai raintaLi conditions) and aircraft performance.

8. Advisory Circular 150/5320-12 should be updated with
modifications outlined in Section 2.7.

9. Studies should be performed to evaluate rubber
accumulation data and rubber removal effectiveness on porous
friction course pavements.
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APPENDIX A

National Runway Friction Measurement Program
Survey Dates

Central Region A-1
Eastern Region A-1

Great Lakes Region A-2
New England Region A-4
Northwest Region A-4

Rocky Mountain Region A-5
Southern Region A-6

Southwest Region A-8
Western Region A-9
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'iSSAi Y

-~~~ iri u att ith i Ih in- ler -isfrn aflU
o l- xr 1 xtst~ n c! asrhaIt -avemen.

. It ~w - avem- t I,; i.s t,,, ica iv dark in anri'earance V.nrler-
'o .q, :< te - ' v-:rc, R, aspnra [t,.

I rr , xture - "'.avement wh ch dis9,ays a i :-_ , erur,
,nd . i - intact it 'i ,, r ace

•Oextatre -- aaenc , which tne aS.iia t'.
... , the sur' ace -xposing tne sarnh matrix and '-?e

qe ,~~r gate.

v-acrtexture - , pavement in which the predominant
--i a -L 7 coarse iqqregate and the sand matrix is worn away.

Asphalt, worn - A pavement which has protruding coarse aggregate
and the asphalt and the sand matrix are worn away.

Asphalt, porous friction course - A pavement with an open
graded surface of coarse aggregate.

Asphalt, chip seal - A pavement with aggregate chips applied onto
an asphalt seal.

zsphalt, rubberized chip seal - A pavement in which a chip seal
is held to the subsurface by a rubberized material.

Cleaned Runway - A runway approach end from which rubber has been
removed.

Concrete, microtexture - A pavement in which the surface is
predominantly a sand matrix.

Concrete, macrotexture - A pavement in which the surface is
predominantly coarse aggregate, typically due to wearing
away of the sand matrix.

Concrete, burlap dragged - A pavement which displays a surface
characteristic resulting from the dragging of burlap or
similar material on cmncrete surface while still plastic.

Concrete, broomed or brushed - A pavement which displays a
surface characteristic of finely spaced markings resulting
from brushing the concrete while still plastic.

B-1



Concrete, wire combed - A pavement which displ ays a
characteristic of transverse indentations -;paced /4-inci
less, resulting from rigid combing o't the concrete wii tW-
still plastic.

Concrete, wire-tined - A pavement which displays a surface
characteristic of transverse indentations spaced one-fourt.
inch or more resulting from flexible rakinui of th, concrete
while still plastic.

Concrete, float grooved - A pavement which ha- regularly space(
transverse grooves formed in the concrete, while still plastic.

Concrete, worn - A pavement which has protruding coarse agqregat
and the surface may have begun to aiuraid.

ontamrinant - Any foreign substance pr-ent the p ,m' .

Correlation Coefficient - A statistic which smimmariz.- t,
relationship between two variables, a va<.ie of - i -i
indicates a perfect linear relationship, while a value
near 0 indicates a poor relationship.

Groove Deterioration - The degree of ineffectiveness of the groov..
for channeling water rated on an integer qcale of 0 to 9, Q
representing full effectiveness and 9 indicating total
ineffectiveness due to beinq filled, missi u,) or poorly
constructed.

Groove Spacing - The center to center distance btweer *w 2, ,,"'

Joint Distress - The degree to which the -oint 1),t!, .t. s'.
are open, rated on an integer scale ftotm 0 to 9, 1,
no joint distress, 9 indicates joints arc, *:oer :!i .r .iri
inch, with pieces of pavement broken away,

Multiple Regression - A statistical techniq1e us t ) van 'iv,
relationship between a dependent variahle an- )rit ) i F-
predictor variables.

Mu Value - The value recorded on the Mu-Meter char t i-;re 'ent
the friction force developed by operatino the, MI-m, t 1!t
40 mph with 0.04 inches of water applied immiit,.; 1.
front of the measuring tires.

Rubber Accumulation - The degree of rubber accumaI it i1r,-i , tI
pavement surface rated on an integer scale, t rom (I ts J,
0 representing less than 10 percent of the pavment ci r t .
obliterated, 9 representing 90 percent or mor,- of thi,
surface texture obliterated.

Saw-Cut Grooves - Transverse grooves cut into a CLIuId a!;ph'' it IT
concrete surface.

B-2



*'>Lird F-rror t s t IC,%, c~i 'i tI I( i f, ft .V DE -29r,

o~~± ~O ~ t I Ca 3,i ; tii~ r->:A ! :- a~ I~i

i ural Distress -I'he decluee (,, cracking or !,reci~up ()r lw
-avement surfac -ated 3n an integer scale from 1, t-, 9,

ro resent i n n,- strictiral deterioration, 9 represenrting
I gator pieces -,cLicKir,.c out for osphalt pavements anid blo-cK

ra~ck inci or spall ing "or concrete pavements.

I'' cLa L -ed k.,ef iUitions andm examples , refer t(e "Phase-
>,!artal '.or the National hIunway Fri ct ion %Iea a re--n,:n t
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APPENDIX C~ - SAMPIE AIREPORT

A:HPUiRT -SURVEY REPOWT

AIRPRT AME (DES)

N'RODLC TICN

-SL~ hnileaSLIarein s wt:rtz made Lit the Airport- Name Airport on
JanuarY 11-12, 1,)80 as oadrt or: the Nationai Rluniwa, /Friction
Atzasaremenit Program. i-surv.y re,,ort desar ru~es thel C r-OgrL '
and the resuLtS -the 11(a.surements taken on i--unv~ays I 1-_2 ;til

AIRPORTl SURVEY -'JG:,:.INATl0N

Tairoor:- -ontac-, meeting was neld on January 11, 1980, withn
f allowing perso ns in attendance:

Mr. James A. Smitrh, Airport Manager
'-s . Marv '-lcBride, :.A. '!Iickok 7.nd Asscclates
Mr. Br a-n 1uemer, E.A. ,lickok and Associate s

-~Z 111 ntis ~e ul trmed w'i unt i Mu-Metier .Ow(-,

.> e :t Ileo r rqht of -he canlrwa,',
Lf.~k-. inectios, dler .:o-th dry' *>nd we:t

"Arln J(;>' a-u 't a 7n ue :it -;ide-force -i:,-t ion
- i. .inil .-lvu lleln .-;ir!-ace, a.nd it contains a

ilidit ,< ir a v' v was p,.,.forimeid to ezva I nalte Sucnl
t, ave p- .avtcmoiit ttexture, prosencP mid

'it :it r ncl Lvrl.. an1d cond it LjOM, §D
accuri. nL- icc~juiui j~n oint cundition aiid

[C U ''-' it i in w r 'a iur in,; a It-w sru-d
r nd at rt~n t. itJ a f s -eq u ir e d Jl

LC -l hS a . ens. Spot Ltst p~~ erl ormed at t ou r
ct i,7 )n fejen,' C. rIWaV~, 3M] xi P V X tu re mneasu rf~ime;.t

;P . ;t , trans,~u ' (J mc(-asulremenl(,rls alld
-'r~ 'akjcin l )the e--xtur-.

n t fii j s i> nd DEnd - t 'I t ii ') I



t ij ) IO dS- t) I , '_..A!I'lt ru" HO " I I 

tw a ru v~t. A .) I ;" I ot iSo r n tt an. cnt
Wjr_ Mte' thatJ.' aO 500- 4)o It- OllO' -, wi

:\d-WI .1-"i was sllrvf ved anr Jarnia!r 111980 ( a
D!7 t - 1 'it~t :lVelaje Wet MU J)alU- tue ' was aIUa to OL .:tS

al) I 5X.J(:-tot inretin's )LruWay tern'At-1

~ A' ~- *~wa.> -- :rveyeci1 'as January1- L, 1981)s T
r Avo1 VJi wet W u vailue Was Less tnian' '0 1Ae 4.we'I'

5 u tf, 'xiwax t ros,i. I I

rLf I r aO a )5.ttQ in t 1- L aru C'r L_1!

C98. ri'd iat' that thu Iav'_aiu' wet' ',I-~ val," i-s. ttuasl
T ) ionis o f Puniwa' o-2t) ans2r- eij -I a, ;ir -r

()L~ aO i r 500- or)t inm:r(ement W R uny 11 .iv>v

,t)') )X IAlditC th (2 i ry M U VJ lUk2 11 rd I' I))

1 17'1 c tfr Is t 1 C S Fre C rri l Ct '

'4 a riV,)L i r. n'' wV CO.U D

7,1, d( l rls I ct valIaIes.

aIJ~ nI,- L 1 ;- rc s rve c )IT); t - ' cledjl I atI

sr or, n -II reporL toa- tiC wr r),i. n

t"La . . ' t~restod I)AIt4  Pn i: a;- ~ ~ 1' '

* a it- aiat"statt tr~u: us t.r~i 3.. at



NATIONAL RUNWAY FRICTION MI-:A:',J',FMFNT POGRA'.

TAB- D., F - I A I .POR' NAME

SITE NUMBER: P i 1

SURVEY RESUILTS FOP RUNWAY 11 -25

DATPE: 11/80 LEADER: BRI

T IMNEF: 1240 - 1500 ASSI STANT: MEF,

RUNWAY LENGTH: 5500 FEET
PAVEMENT SURFACE: (11) ASPHA,, 0- 560, WORN S1IRFA li

CONCRETE, 560- 640. BURLAP DRAGUEL[
ASPHALT, 640-4010, WORN SURFACI
ASPHALT, 4010-4650, MIXED-TEXTUF.

ASPHALT, 465['-5500, WORN SUREA- ,
GROOVING TYPE: (11) (- 500, NON,.

500- 680, SAW-CUT.. GROOVES

680-5500, NONE

FRICTION (MU) VAlRE2
RUNWAY i1 RUNWAY 29

SEGMENT (FT) DRY MU WET MC SEGMENT (ElT) DPY ML- WFI WM

* 0 - 500 80 -: * 3507 - 500t b"

500 - 1000 82 74 500(0 - 4500 80

1000 - .500 82 81 4500 - 4000 83 0
1500 - 2000 83 8 4000 - 3500 84

2000 - 2500 82 8? 3500 - 3000 84
25 ,0 c - 3000 83 82 3000 - 250b 8- ,,

3000 - 3500 85 74 2500 - 2000 83
i500 - 4000 81 200t - 001, 0 ,

4006 - 4502 81 .- - :j 0L
4500 - 5000 81 72 1000 - 500 8 65

* 5000 - 5500 83 80 * 50. - 0 -9 79

AVERAGIF 82 77 AVERAGE 82 77

NOTE: Mu measured 10 ft right of centerline.
*These, segments wecr(, nct measured at 4 , mph and - not r.

in average.

TEMPERATUPF. DATA
AIR TEMIERATURE (C, 20
PAVEMENT TEMPERATURE (C' 29
WATER TEMPERATURE (C) I5



TABLE DES - I CONTINUED

RELATED MEASUREMENTS: RUNWAY Ii

NASA
GREASE

TRANSVERSE SMEAR GROOVING
STATION OFFSET SLOPE TEXTURE SPACING WIDTH DEPTH RUBBER

FT) (FT) (%) kIN) (MM) RATING

1160 10 0.7 0.025 - - - 0
1710 10 0.8 0.042 - - - 0
--710 70 -0.5 0.042 - - - 0

4010 10 1.1 0.021 - - - 0

PAVEMENT CONDITION SURVEY RESULTS

RUNWAY 11

(Conditions ar., rated on a scale of 0 to 9, 0 representing the
o)est condition)

R[BRER A -CUMULATION SEGMENT (FT) RATING
0 - 680 0

680 - 720

720 - 5500 0

S'U!:iUCTYRA, VI.-ESS SEGMENT (FT) RATING

0 - 230 0
230 - 320 3

820 - 960 6
960 - 2740 3

2740 - 2800

-800 - 5500 3

,"()ENT DISTRESS SEGMENT (FT) RA TING
0 - 230 0

230 - 2740 3

2740 - 2800 i
2800 - 5500

-RO(OVING CONDITION SEGMENT (FT) TYPE RATING
500 - 680 SAW CUT I

I. TAMINANT CONDITION SEGMENT (FT) TYPE RATING
0 - 5500 NONE 0

L- I



NATIONAL RUNWAY FRICTION MEAS'.1EM.NI PR)GRAY'

TABLF DES - 2 AIRPOPf NAMI.

SITE NUMBER: 11111

SURVEY RESULTS FOR RUNWAY 8-26

DATE: 1/11-12/80 LEADER: BRF
TIME: 2045 - 2110 ASSISTANT: MFN
RUNWAY LENGTH: 8000 FEET
PAVEMENT SURFACE: (8) CONCRETE, 0-1000, BROOMED

CONCRETE, 1000-1800, MICROTEXTUR!
CONCRETE, 1800-8000, BURLAP DPAGG!:i

GROOVING TYPE: (8) 0-8000, SAW-CUT GROOVES

FRICTION (MU) VALUES
RUNWAY 8 RUNWAY 26

SEGMENT (FT) DRY MU WET MU SEGMENT (FT) DRY MU WET M:

* 0 - 500 79 74 * 8000 - 7500 82 7.

500 - 1000 82 69 7500 - 7000 8u
i000 - 1500 78 58 7000 - 6500 _7

1500 - 2000 76 48 6500 - 6000 76
2000 - 2500 79 61 6000 - 550C 6- 7
2500 - 3000 82 70 5500 - 5000 83
3000 - 3500 83 70 5000 - 4500 82 74
3500 - 4000 82 67 4500 - 4000 81, 7

400C - 45,00 82 75 4000 - 3500 8"

4500 - 500n 82 77 3500 - 3000 8
5000 - 5500 80 71 3000 - 2500 81

5500 - 6000 80 68 250C - 2000 81

600C - 6506 80 2000 - 1)0 -7

67,00 - 7000 76 61 150,0 - 1000 70 N
700, - 7500 79 62 3000 - 00 77 5

* 7500 - 8000 82 75 * Soo - 0 - 7'

AVERAGE 80 66 AVERAGE 80 6

NOTE: Mu measured i0 ft right oF centerline.
*Tnes t  s(ments were not measured at 40 fr. n ancl 3t-e not inc

in average.

TEMPERATURE DATA
AIR TEMPERATURE (C) 2C
PAVEMFNT TEMPERAT'!]RE (C2
W,TEP TE.,MPFPATIIRF 3

_____'- ______

.... .



TABLE DES - 2 CONTINUED

RELATED MEASUREMENTS: RUNWAY 8

NASA
GREASE

TRANSVERSE SMEAR GROOVING

STATION OFFSET SLOPE TEXTURE SPACING WIDTH DEPTH RUBBER
(FT) (tT) (%) (IN) (MM) RATING

-000 10 0.8 0.004 37 7 6 1

4000 LO 1.2 0.008 38 7 5 0
4000 70 -0.6 0.018 38 7 0

6000 10 1.1 0.003 38 7 6 2

TABLE DES - 2 CON"'INUED

PAVEMENT CONDITION SURVEY RESULTS

RUNWAY 8

(Conditions are rated on a scale of 0 to 9, 0 representing the best
cond i t icn)

RUBBER ACCUMULATION SEGMENT (FT) RATING
0 - 1040 0

1040 - 1160 1
1160 - 1300 3
1300 - 1760 2
1760 - 2100 1
2100 - 5600 0
5600 - 5940 i
5940 - 6180 2
6180 - 6360 3
6360 - 6600 4

6600 - 7130 2
7130 - 7300
7-100 - 8000 0

QTPUCTURAL DISTRESS SEGMENT (FT) RATING
0 - 1800 3

1800 - 7550 1
7550 - 8000 3

TfLINT ?4STRESS SEGMENT (FT) RATING
0 - 950 1

950 - 1800 5
1800 - 7550 1
7550 - 8000 5

'RCOVING CONDITION SEGMENT (FT) TYPE R'.TING
0 - 8000 SAW CUT 1

'rNTAMINANT CONDITION SF(GMENT (FT) TYPE RATING
NONE 0

k>



APPENDIX D

Uniform Segments Data Characteristics

Table of Contents

Page

'ABLE D-1 Summary of MU Values for Uniform Segments D-1

fABLE D-2 Summary of Groove Dimension for Uniform Segments D-2

TABLE D-3 Summary of Rubber Rating for Uniform Segments D-3

TABLE D-4 Summary of Joint Rating for Uniform Segments D-4

-ABLE D-5 Summary of Structure Rating for Uniform Segments D-5
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TABL. F--I

DATA SUMMARY FOR TAB 4 ani 6,
FIGURES 9, 13, 15 an(d j1

Uniform 500-Foot Segments
With No Rubber Wit. Rubber

-9-td.- --- Noo-- f Correl. No . 0:
Pavemlent Type, Mear Dev. Cases Coeff. Cases

ASPHALT:
New 61.- 13.6 665 -. 57
Microtexture 8 9.1 1,695 -.. 5, 366
Nixed T, xijr( 6' 8 . 6 3,72, -. 6? 746
Macrote tir, 74.1 3. 1,33 -. 66 191
0A 74. t, 11 10 -  -. 56 1 10
Porous Friction Course 77.4 , 2,701 -. 59 23>.
Chir Sea3 77. 7. 528 --

Rubberize, Chip Seal 73. 0 9.9 24'; -- '87
Slu rrv S-. 70.2 6.1 26? -- ft

ASP; '.T W -~

SAW-, .T GRO)OVE 5:
Ne\ 73.2 4.4 21 -. 5

Microtextur< 75.0 6.4 1,51-, -. 4 4
Mixed Text r,: 73.7 6.5 2,652 -. 39 9-4
Macrotext uri 73.7, 6.9 493 -. 44
Worn, 71.6 7.4 10, -- (21

CON"RET .

Microtextur, -77 0.1 29 , -. 73 57
Mac otextl:e 66.2 3. 4' -- (1)

Wor' 64.2 8. F 6 -- J0
Bur~ar Draioe:i 57. c .2 1,169 -. 6
Broome,- Dr Brushec3 6 3.!; ]0 414 .- 227

Wire Comoed 68.6 10 .6 3 -. 41 163
Wire Tined 69.i 7.6 608 -. 29 147
Float Grooved 65.6 6.2 415 -. 46 64

CONCRETE 'I;ITI
SAW-CUT GROOVES:
Microtexture 71.1 7.7 551 -. 54 137
Macrotexturp 69.7 5.3 44 -- (10)
Worn 72.0 4.3 162 -- (64)

Burlap Dragged 73.7 5.8 1,469 -. 55 523
Broomed or Brushed 69.2 6.0 315 -. 33 123
Wire Tined 73.8 3.9 105 -- (35)

TOTAL 23,323 5,419

1.3- 1
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V)"A '-(IMMARY "()R TABI, : and Fi[('UIjP 10

'ilrie S-pots witS No iuober
)(,)oV ed iaw-Cut Grooved

iC]. NO. of Std. No. of

'ases Mean Dev. Cases

, .v, '2 o :: ) . 0 . ", L4
L 7

3 24 .7 9.3
: ,, " < t o :) :o 4 . , 'C, 4 .. . . ...

r- c !- i r,<7 4 -- -

• ': ii < 34 7 9 0
i 'tiiiZd ) Seal )9 9 26 3 26

Sclurry Seal 19.0 8 7 60 -- -- --

CONCRETE
Microtexture 12.4 4.4 48 11.0 1.7 40
Mlacrotexture 16.5 4.1 6 12.0 4.5 4
Worn 12.8 2.9 22 12.8 4.4 17
Burlap Dragged 13.9 6.7 136 11.9 4.2 122
Broomed or Brusned 14.5 8.5 72 10.5 5.5 19
Wire Combed 18.0 6.8 28 -- -- --

Wire Tined 22.2 13.7 91 20.9 9.6 10
FLoat Grooved 12.5 6.7 39 -- -- --

TOTAL CASES 2,355 694

NOT S: 1. Table 5 - uses all data.
2. Figure 10 - uses all data in first column

( "u ngrooved" ) .
3. "Center spots" - located 10 feet from runway

centerline; other spot data include "side spots"
(near runway edge) and center spots with rubber.



TABLE E-3

DATA SUMMARY FOR FIGURE 1

Number of
Correl. Standard Center Spots

Curve Coeff. Parameter Mean Deviation With No Rubber

ASPHALT .56 Wet Mu Value 70.9 9.7 1,896

loge (Texture) 3.10 0.60 1,896

CONCRETE .33 Wet Mu Value 62.4 10.3 397

loge (Texture) 2.64 0.48 397

TOTAL CASES 2,293

NOTES: 1. Texture has units of inches x .001 (e.g., actual
0.0120 inches expressed as 12.0).

2. Asphalt - includes ungrooved types as follows: new,
microtexture, mixed texture, macrotexture, worn,
porous friction course, chip seal, rubberized chip
seal, and slurry seal.

3. Concrete - includes ungrooved types as follows:
microtexture, macrotexture, worn, burlap dragged,
broomed or brushed, wire combed, wire tined and belt
finished.

4. Friction ("wet Mu value") data - read directly from
Mu-Meter strip charts for "center spot" Locations;

some missing friction data result in smaller number of
cases here than found by totaling individual pavement
types.

s hs



7'ABLI: 1:-4

A''I'A ,;IMNARY PON 1[L, V-7

t td. "r' o orre . 'td. 4,0o. o

rV-r :ept tp I C'Io10_k Coe t. a ra.me ter Mean Dev. Cases

ONC:RET 0.5'_1 0.00047 + 0.00008 .77 Avedqe

-jh b(2r I. .

11 u aI
and ings L11 2,73j-8 26

TFE XTIURE D 0.96 0.00013 + 0.00008 .22 ver ag e
CONCRETE O be r 1. 3 1. 50

Annual
Landings 2,694 2, 540 r

GROOVED 0.88 0.00013 + 0.00009 .17 Average
RET unber 1.0 1.4 7

Anni u a 1_

I Annual.

Landings 1,312 1,869 -7

TOTAL 'ASES 440

NOTES: L. Cases restricted to uncleaned runway ends with anniai
landings greater than 250 million pounds per year,
known pavement age, and ability to be classifiel as
"asphalt", "ground asphalt", etc.

2. Average rubber - units of rubber accumulation rat in, ,

(0-9 scale) as 2000-foot average for -unway end.
i. Annual landings - millions of pounds per year tor

run way -id.
4. Curves represent the fol lowins; pavement tvpes:
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TABLE E-5

DATA SUMMARY FOR TABLE 7 AND FIGURE 18

Curve or Correl. Standard Number

Pavement Class Coeff. Parameter Mean Deviation of Cases

ASPHALT .35 Max. Rubber 3.1 2.4 33

Cum. Landings 410 677 33

GROOVED ASPHALT .30 Max. Rubber 3.0 2.0 76

Cum. Landings 1,429 1,783 76

CONCRETE .71 Max.Rubber 2.7 2.4 28

Cum. Landings 811 1,758 28

GROOVED CONCRETE .57 Max. Rubber 3.3 2.3 91

Cum.Landings 1,741 2,405 91

TOTAL CASES 228

NOTES: 1. Cases restricted to runway ends with record of cleaning
during program or within one year prior to first
testing and with ability to be classified as "asphalt",
"grooved asphalt", etc.

2. Maximum rubber - units of rubber accumulation
(0-9 scale) as maximum observed 500-foot segment for
runway end.

3. Cumulative landings - millions of pounds since rubber
cleaning date for runway end.

4. Curves, or pavement classes, represent runway ends
having predominant pavement type or types in the
listed categories.
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TABLE E-6

DATA SUMMARY FOR FIGURE 19

PART A - FRICTION RELATED TO RUBBER ACCUMULATION

No. of Uniform
Correlation 500-Ft Segments

Pavement Type Coefficient With Rubber

ASPHALT:
Microtexture -. 55 366
Mixed Texture -. 69 746
Macrotexture -. 60 191
Worn -. 56 110

ASPHALT WITH
SAW-CUT GROOVES:
New -. 53 43
Microtexture -. 42 473
Mixed Texture -. 39 984
Macrotexture -. 44 156

CONCRETE:
Microtexture -. 73 57
Burlap Dragged -. 64 331
Broomed or Brushed -. 57 225
Wire Combed -. 41 163
Wire Tined -. 29 147

CONCRETE WITH
SAW-CUT GROOVES:

Microtexture -. 54 137
Burlap Dragged -. 55 523
Broomed or Brushed -. 33 123

TOTAL CASES 4,775

NOTES: 1. This represents subset of data from Table 6 (excludes
new asphalt, porous friction course, and float

grooved concrete).

2. Correlation coefficient - shown is simple correlation
between rubber and friction data.

3. Figure 19 - based on combined results of Table 6 (see

above) and Table 7 (see below).

E-7



TABLE E-6 (continued)

PART B - RUBBER RELATED TO CUMULATIVE LANDINGS

No. of Uniform

Correlation 500-Ft Segments
Pavement Type Coefficient With Rubber

ASPHALT .35 33

GROOVED ASPHALT .30 76

CONCRETE .71 28

GROOVED CONCRETE .5 91

TOTAL CASES (Runway Ends 228

NOTES: 4. This represents data from Table 7.

5. Correlation coefficient - shown is simple correlation
between maximum 500-foot segment rubber and cumulative
landings since rubber cleaning date for runway end.
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APPENDIX F

Photographs of Pavement Types

Table of Contents

Figure Page

F-I Slurry Seal Coat F-I

F-2 New Asphalt F-i

F-3 Microtexture Asphalt F-2

F-4 Mixed Texture Asphalt F-2

F-5 Macrotexture Asphalt F-3

F-6 Worn Surface Asphalt F-3

F-7 Porous Friction Course F-4

F-8 Chip Seal F-4

F-9 Rubberized Chip Seal F-5

F-10 Microtexture Concrete F-5

F-lI Macrotexture Concrete F-6

F-12 Worn Surface Concrete F-6

F-13 Burlap Dragged Concrete F-7

F-14 Brooiaed or Brushed Concrete F-7

F-15 Wire Combed Concrete F-8

F-16 Wire Tined Concrete F-8

F-17 Float Grooved Concrete F-9

F-18 Microtexture Asphalt with Saw-Cut Grooves F-9

F-19 Burlap Dragged Concrete with Saw-Cut Grooves F-10



APPENDIX F - PHOTOGRAPHS OF PAVEMENT TYPES
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FIGURE F-I. SLURRY SEAL COAT

FIGURE F-2. NEW ASPHALT
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F'IGURE F-3. MICROTEXTURE ASPHALT
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FIGURE F-4. MIXED-TEXTURE ASPHALT
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FIGURE F-5. MACROTEXTURE ASPHALT
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FIGURE F-6. WORN SURFACE ASPHALT
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FIGURE F-7. POROUS FRICTION COURSE

FIGURE F-8. CHIP SEAL

F-4

#



FIGURE F-9. RUBBERIZED CHIP SEAL
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FIGURE F-11. WCORN SURE CONCRETE
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FIGURE F-13. BURLAP DRAGGED CONCRETE

FIGURE -1. BROOMED OR BRUSHED CONCRETE
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FIGURE F-19. BURLAP DRAGGED CONCRETE WITH SAW CUT GROOVES
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APPENDIX G

SUMMARY OF RESULTS OF MU-METER VARIABILITY STUDY

TEST PROCEDURE

Variability tests were performed by the FAA's Technical Center
using two Mu-Meters run continuously through the 500-foot concrete
pavement section for ten runs with self-watering systems operating.
After completing ten runs, water tanks were refilled and the next
ten runs were conducted. The data were obtained from the Mu graph
chart. Mu averages were estimated for each 100-foot segment of
the 500-foot averages for qach Mu-Meter were obtained by totaling
the Mu averages for each 100-foot segment and dividing by five.

SUMMARY OF RESULTS

ML 361 ML 364 ML 365 ML 366* ML 378 ML 383

Mean of 20 56.62 54.88 57.91 58.89 56.23 55.13
Measurements

Probable 1.40 1.47 1.62 2.00 0.93 1.36
Error from
Mean of All
Readings

Probable 1.40 1.02 1.24 0.94 0.92 1.04
Error from
the Mean of
Each Device

*Ten measurements performed with this equipment.

CONCLUSIONS

The results of the above analysis concur with the manufacturer's
findings that the acceptable variability of the Mu-Meter is within + 2
Mu values.
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Hydrologic Study
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MEMORANDUM

BY: John Erdmann
ATE: February 11, 1(414

,'!IBJECT: FAA National Runway Friotion Measurement Program
Equivalence if Rainfall Intensity to Mu-Meter Water Depth

C UMMARY AND CONCLUSIONS

In the subjeot program, wet friction measurements with a Mu-Meter
jse a controlled water depth of 0.314 inches (or 9.02 inches for
measurements made earlier in the program). The question naturally
arises, what is the rainfall intensity equivalent to the
controlled water depth used in the measurements? By investigating
and reconciling two different approaches to this question, as
subsequently described, the results presented in Table 1 were
Acnievel.

TABLE 1. - Equivalent Rainfall Intensity for Wet Friction
Measurements*

Equivalent Rainfall Intensity,
Inches Per Hour

Average Texture Depth Water Depth Water Depth
Inches 0.02 Inches 0.04 Inches

0.01 0.44 1.40
WATER DEPTH ABOVE ASPERITIES

WATER DEPTH BELOW I
0.03 ASPERITIES 0.37 1.18

0.04 0. 6

0.05 0.3'4 .09

0.06 0.33 '.06

0.07 0.33 T.o

0.08 0.32 1.01

0.09 0.31 0.99

0.10 0.31 0.98

*Assuming distance from ceriterline 10 feet and transverse slope
1.5 percent.
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Thus far in the Program, average texture depth has been less than
0.05 inches in the great majority of cases.

The "Federal Meteorological Handbook No. 1" (2nd edition, January,
1979) classifies rainfall as follows:

Rainfall Intensity,
Inches Per Hour Classification

Trace - 0.1 Light rain
0.1 - 0.3 Moderate rain
Greater than 0.3 Heavy rain

Thus, in all cases shown in Table 1, equivalent rainfall intensity
falls in the "heavy rain" category.

The remainder of this memorandum documents the results presented in
Tar le .

1ENERAL FACKGROUNF

Eiuivalence between rainfall intensity and water depth on pavement has
reen Jnvestigatel uy the Texas Transportation Institute for the
special -ase in which water depth exactly equals average texture
lepth. An empiric al equation was developed to relate equivalent
,: infa~l intensity to average texture depth, transverse slope and
distance from pavement crown.

An alternative appr-)ach is based on Manning's equation for flow. Roth
approaches were investigated and they were found to be similar in
tneory. However, each approach has a distinct advantage. The first
approacn Texas Transportation Institute) is precisely calibrated for
tne luestion at hand, but is applicable only when texture depth
exc't'v e uals water leptt.. The second apprc-oh Manning's) is
-ip.lioabl)e when texture depth differs from water depth, but it
reiuireo alitr-*4n ,'f an additional variable (Manninw's n, related
t pavement "roughness" for the question at hand.

Tno 1w pproa-:hes were reconciled so as to retain the advantages -f eqct.

N [MEN--LAT1!E

R: rainf'ai' intensity (in./hr.);

= averawo texture depth (in.);

= distance from pavement crown, i.e. runwiy '*,-r'in,
to location of interest (ft.);

S = transverse slope (ft./ft.);

d = depth of water (in.);

v = velocity of flow away from pavement crown (ft./sec. ); and

n = Manning's n (dimensionless).
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FIRST APPROACH - TEXAS TRANSPORTATION INSTITUTE

Mr. Morrow of the FAA communicated the following equation, developed
by the Texas Transportation Institute, for the rainfall intensity
required to fill a given texture depth exactly:

RI (d:T) = 1.543 x 10 4 x S.4 (1)

The notation RI(d=T) signifies that water depth must equal texture
depth for this equation to be applicable.

For the usual case where L=10 feet from centerline and slope S=0.015,
Eq. 1 gives the following results:

d or T, inches RI(d=T), inches/hour

.02 .40

.04 1.13

.06 2.08

.08 3.31

.10 4.49

Thus, for example, where water depth and average texture depth both
equal 0.04 inches, the equivalent rainfall intensity is 1.13 inches
per hour.

SECOND APPROACH - MANNING'S EQUATION

A water balance requires that the rainfall between the centerline and
a ooint at distance L from the centerline must equal the rate of flow
over the pavement surface away from the centerline, at the distance L.
This implies the following equation (which includes unit conversions):

RI x L x
12 x 3600 (12) (2)

According to Manning's equation, the velocity away from the
centerline, v, is related to the hydraulic radius (equal in the case
of a 'v' channel to d/2"b), transverse slope S, and factor n
(dependent on roughness) as follows:

v= 1.49 x S1/2 x d 2/3
n 12 x 211 2  (

Substituting Eq. 3 into Eq. 2 and solving for RI yields

RI 812 x IS1/2 x d
5 /3 1

L x n (4)
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A reasonable value for Manning's n is .04. This assumption, with the
usual values L=1O feet and S=.015, results in an estimated rainfall
intensity of 1.16 inches per hour for a water depth of 0.04 inches.
Agreement with the estimate by Eq. 1 (1.13 inches per ho,:r) is
achieved by increasing Manning's n to .041.

RECONCILING THE TWO APPROACHES

Eq. 4 can be calibrated to Eq. 1 by solving for the v-31us of
Manning's n required to make the two equations agree in those special
cases where texture depth equals water depth as follrnws:

d or T, inches RI(d=T), inches/hour Manning's n

.02 .40 .

.04 1 .

.06 :.08

.038 . 71 .)

Bv Jlottinw, vers,-s _)n lozarithrmnI pamr. , tres iw, Vv Ia .'w .

to fit the foiI-wing relatI'n.:

n _.1696> x

Substituting this suit in Eq. 4 er; ' -,

, -,e , '- <

For the usia .  
"qf7e ihl-re S .01' an : et

P T 142.7 71 d / a  . 1. r4

Eq. ' then represents Eq. 4 "riibrat-d to" E:.

The observation that Eq. 1 , pon ',:':i t . r, oo *- t- n
form as Eq. 4 suggests one fJnqr '_finemnt. P'rtr ' , ^':',
S:.015 and L=10 feet. Eq. 1 becomes

RI(d:T) = 144.q x 7

Eq. 7 can then be made to agree more ex'-,, wi!t % ;s .
adjusting the coefficient and the expon-nt of T is f'o1' ws:

RI = 144.9 x 15 1 3 / - 11"'

Eq. 9 might be said to represent Eq. I "modified accorJini tz "
Manning' equation.
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Eq. 9 is the final result of this investigation and is the basis for
the equivalent rainfall intensities in Table 1. Note that this result
specifically assumes a transverse slope of 1.5 percent and a distance
from runway centerline of 10 feet. These represent usual conditions
for the Mu-Meter wet friction measurements, thus equivalent rainfall
intensity can in most cases be found using either Eq. 9 or Table 1.

The .04 inches deposited in front of the measuring wheels will just
fill the texture when it has a mean depth of .040 inches. When the
same amount of water is applied to a runway with a mean texture depth
of .020 inches, .02 inches will be above the texture and will flow
more freely. The equivalent rainfall rates required to achieve a total
water depth of .04 inches 10 feet from the centerline of a runway with
a transverse slope of 1.5 percent are 1.1 and 1.3 inches per hour for
mean textures of .040 and .020 inches, respectively.

The nine FAA regional office locations have statistically predicted
rainfall intensities that will equal or exceed these rates for
different lengths of time. The following table shows the duration, in
minutes, of storms with return frequencies of 2 years and 10 years,
having intensities exceeding the Mu-Meter self-watering rate for each
location, for the two textures.

Return Frequency

Location 2 Years 10 Years
1.1 in./hr. 1.3 in./hr. 1.1 in./hr. 1.3 in./hr.

Boston 50 40 105 85
New York 75 60 165 130
Atlanta 100 85 180 150
Chicago 80 65 130 115
Kansas City 95 70 210 170
Fort Worth 105 90 220 180
Denver 30 23 75 60
Seattle 6 4 19 15
Los Angeles 18 14 52 30
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APPENDIX I - REPORT OF INVENTIONS

The work performed under this contract, while leading to no
new invention, has led to several innovative concepts on the use
of Mu-Meter surface friction measurements for design and
maintenance of nonslippery surfaces at United States airports.
This constitutes the first nationwide body of data on runway
surface friction characteristics, as well as other surface
conditions. The data were used to analyze the effect of pavement
type and texture, grooves, rubber accumulation, rubber removal,
climate and traffic on surface friction characteristics and
application of those characteristics to maintenance plans.
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